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STATEMENT OF FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
(Not Applicable) 

CROSS-REFERENCE TO RELATED APPLICATIONS 
(Not Applicable) 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to an improved method for testing integrated circuits (ICs) during 
the IC fabrication process. More specifically, the present invention relates to an improved 
method for using quiescent or transient current signatures to test for defective ICs during the IC 
fabrication process. 

2. Description of the Related Art 

Integrated circuits consist of a number of interoperable circuits fabricated on a silicon 
substrate. The number of interoperable circuits that can be supported by a substrate continues to 
grow as the art of IC manufacturing advances. Currently, it is not uncommon for an IC to 
include several million transistors configured into tens of thousands of interoperable circuits. 
While increasing the number of circuits that can be fabricated on a single IC allows designers to 
design smaller and faster products, such increases present the IC manufacturer with challenges in 
manufacturing fault-free ICs. One such challenge for manufacturing fault-free ICs is the 
difficulty in testing these ICs for defects in an accurate and efficient manner. 

To facilitate IC testing, many different IC testing methodologies have been developed. 
These testing methods have been developed for evaluating any of a number of types of ICs, such 
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as complimentary metal-oxide semiconductor (CMOS) ICs. These testing methods analyze the 
failure rate of the tested ICs so that substandard ICs are not distributed in the marketplace. These 
testing methodologies can be either built into the IC itself, or can be performed through the use 
of separate testing mechanisms. 

5 Testing is usually performed to ensure proper logical operation of the ICs and to detect 

manufacturing defects in the components comprising the ICs. To ensure proper logical operation 
of the IC, the IC is stimulated using known test patterns and is monitored to determine its output 
response. If the resulting output response of the IC is as anticipated, it is assumed that the IC is 
functioning properly. For VLSI circuits, tens to hundreds of megabytes of test patterns are 

10 needed to test most of the IC. Such testing is extremely time consuming. 

2 Testing methods include built-in-self test (BIST) circuitry, accelerated life testing ("burn- 

■'il in"), functional testing, stuck-at fault (SAF) testing, quiescent current (I ddq ) testing, and transient 

; S current (I ddt ) testing, among other testing methods. 

14 BIST circuitry is incorporated into the IC itself, and can constitute a significant portion of 

Vf the circuitry on an IC, i.e., approximately 17%-30%, This BIST circuitry internally stimulates 

the IC in which it is incorporated, and measures the corresponding output response resulting 
\ll from the stimulus. The problem with BIST circuitry is that it requires more hardware space on 

the IC as the number of gates or nodes on the IC increases. Thus, as the complexity of the IC 
^ increases, the amount of space on the IC surface necessary for testing circuitry increases. This 
20 can be extremely inefficient when the size of the IC is a concern. 

Burn-in can be used to accelerate identification of latent IC defects created during either 
the IC fabrication process or the semiconductor assembly process. One example of a latent IC 
defect caused during the IC fabrication process is a defect in an oxide film of the IC, such as a 
pinhole in the gate oxide, while an example of a latent IC defect caused during the 
25 semiconductor assembly process is a crack in the sealing resin. Identifying and removing latent 
defects allows for higher reliability circuits to be supplied to IC users. 



REYNICK 1 
QBWPBM49913.2 



2 



Docket No. 6674-24 

In the IC fabrication process, burn-in is performed by applying an environmental stress, 
such as high temperature/voltage to an IC being tested. During and/or after the application of 
this stress, the IC is monitored to determine whether it performs properly. The application of this 
environmental stress to the IC allows for the reliability of the assembled device (IC) to be 
ascertained. 

The amount of time for which the electrical or environmental stress is applied to the IC 
must be determined experimentally. The stress should function to destroy or degrade 
performance in those ICs that are inherently defective, while having little or no effect at all on 
those ICs which are fault-free. Depending on the length of time for which the burn-in stress is 
applied to the IC, and the sample number of ICs that are burned-in, the burn-in process can result 
in anywhere from 5% - 40% of the cost of producing an IC. In order to become more 
competitive in the marketplace, more efficient methods of failure analysis testing should be 
developed. 

Another IC testing method is logic response stuck-at-fault (SAF) testing. Logic response 
SAF testing involves the application of stimuli to the inputs of a particular IC, and the 
examination of the IC outputs to determine if a particular internal fault exists in the IC. If a 
Stuck-at-fault exists for a given circuit node, that node will not toggle, and will be "stuck-at" 
either a 1 or a 0, such that the actual output response of the IC will not match the expected 
response. There are, however, some inherent problems with using logic response SAF testing to 
identify faults in a given IC. For example, it is difficult and costly to generate a sufficient 
number of input signal test vectors to detect a desired level of fault coverage Fault coverage is 
the percentage of all possible faults in a given IC that can be tested by a given set of test vectors. 
Also, it is extremely time consuming to measure the response of every circuit found in the IC. 
Furthermore, in circuits with inherently low controllability, such as those with random logic 
control circuits or those circuits with asynchronous designs, a large number of internal faults in 
the IC may not be stimulated, and will not be detectable at the output regardless of the particular 
stimuli applied. The desired fault coverage therefore may not be obtained for ICs using the SAF 
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test. Secondly, many physical defects in an IC, such as bridging, gate oxide shorts, and spot 
defects, might not be detected using the SAF test. These defects can cause indeterminate logic 
levels at the defect site, and therefore cannot be detected by any logic testing method. 

One alternative to the SAF test involves the use of a technique known as scan design. 
The scan design technique requires test structures to be incorporated into the IC in order to 
facilitate testing. Scan testing adds controllability to defective nodes, but does not guarantee that 
the defective response can be observed at the device outputs. Thus, as is the case with functional 
and SAF tests, stuck-at faults and physical defects such as bridging, gate oxide defects and spot 
defects, might not be detected by scan testing. 

Another problem with adding scan structures into the IC is that these structures consume 
IC space and power -- much like BIST. Additionally, depending on the placement of these scan 
structures, timing problems may be introduced into the IC. As a result, scan structures may be 
difficult to incorporate into an existing IC design. Thus, an IC typically must be designed from 
the outset to incorporate acceptable scan structures. 

Another method of failure analysis testing is quiescent current, or I ddq , testing. Over the 
last 15-20 years, research has shown that a very effective method for screening out defective ICs, 
including certain CMOS-designed devices, that are at a fully static (or quiescent) state is to 
determine whether or not these ICs have higher than nominal background current levels. Fully 
static means that no internal nodes of the IC are changing state or switching, i.e., toggling 
between 0 and 1 . Furthermore, nominal background current means that the fully static IC only 
draws current in its quiescent state due principally to sub-threshold and reverse-bias junction 
leakage of transistors, and the IC is in a low current state. Since a logical circuit can be 
represented by an interconnection of logical gates, such as and gates and or gates, any higher 
than nominal current in the fully static or quiescent state can be attributed to leakage current in 
certain defective gates of the IC. 

The quiescent current method can be used to detect defects such as gate oxide leakage, 
stuck-at (nodes incorrectly tied to logic 0 or 1) defects, bridging (neighbor nodes accidentally 
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tied together) defects, leaky p/n junctions (high reverse-bias leakage current), some forms of 
open circuits (disconnects in metal or polysilicon), low threshold voltage in transistors, punch 
through (drain and source of a transistor are electrically shorted together, rendering the affected 
transistors always on), and delay fault (where delay paths or transitions change functional 
5 behavior). Quiescent current testing is particularly applicable to circuits having CMOS and 
BiCMOS designs, for example, and other technologies that generally have low background 
current. 

Quiescent current testing is based upon the fact that for a fully static CMOS IC, i.e., when 
all circuit nodes have voltages settled to a nominal value, virtually no current is drawn from the 
10 power source by the IC. Current drawn in the nanoampere (nA) range is also potentially 
fl acceptable, since a fault-free IC at a fully static state may still tend to draw low current levels 
\tl from the power source, and higher nominal background currents may be seen for deep-submicron 
|B lithographies. Even though there is some measurable quiescent current in a fault-free IC, it is 
Ly still possible to characterize an IC device as defective by measuring its quiescent current. When 
15" the quiescent current measurements in defective ICs are higher than the normal quiescent current 
y level that is expected for the IC, the IC will be considered defective. 

Ill A high quiescent current measurement for at least one IC circuit node indicates that at 

^ least one location in the IC has a defect that is causing a leakage problem. In order to detect all 
; ^ possible locations for the gate oxide defects resulting in the high quiescent current, it would be 
20 necessary to toggle every transistor of the IC while measuring its quiescent current values. Such 
toggling could only be applied to each input of the IC for a period of 10's to 100's of 
milliseconds. Therefore, obtaining 100% test coverage of a VLSI IC chip, for example, can take 
up to hundreds of hours to complete. This amount of time is prohibitive, especially when 
hundreds of thousands, or even millions, of ICs are produced at each IC production site daily. 
25 Multiple methods for performing quiescent current testing in ICs are currently known in 

the art. Perhaps the most commonly used quiescent current testing method is the single limit I ddq 
method. In this method, a quiescent current limit is experimentally selected. This quiescent 
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current limit selection is based upon measurement of quiescent current in ICs determined to be 
defective and ICs determined to be fault-free using other testing methodologies. After these 
measurements are made and evaluated, a statistical approximation of what quiescent current 
value measurement identifies a defective IC. This quiescent current value is then set as the 
current limit for that type of IC. Once the current limit is set, any evaluated IC that has a 
quiescent current value greater than the current limit is considered to be defective. 

As the number of transistors on an IC gets larger, and the lithography of the IC decreases, 
the quiescent background current of the IC increases. This increased background current will 
effect the quiescent current measurement of the IC, generally increasing this nominal quiescent 
current value and reducing the difference between the quiescent current of a defective IC and a 
non-defective IC. Therefore, it is difficult to use the single limit method to determine if ICs with 
a large concentration of circuitry are defective. Furthermore, the single limit method is also 
problematic because it treats all individual gates or circuits in the IC as homogenous, and fails to 
take into account the fact that different stimuli may cover more potentially defective portions or 
nodes of the IC than others. 

An alternative to the single limit method is the current difference method. In the current 
difference method, a measurement is taken of the absolute difference between a first quiescent 
current measurement of the IC in its entirety and subsequent quiescent current measurements. 
This measured difference is potentially more effective than the single limit method at identifying 
faults in an IC, because the current difference method nullifies the effect of IC background noise 
on the outcome of the test. The background noise is nullified because it is incorporated into both 
measurements, and is thus irrelevant. The important value when using the current difference 
method is the difference between the two measured quiescent currents, and not the quiescent 
current measurements themselves. If the measured current difference is greater than a 
predetermined current difference limit, then the IC being tested is considered to be defective. 
Thus, even this method, like the single limit method, requires a current limit to be experimentally 
set. This current limit cannot be determined without experimentation, and even then the current 
limit arrived at may improperly identify some defective ICs as being fault- free. 
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An alternative test method to the single limit and current difference methods is called the 
current signature method. In the current signature method, multiple current limits can be set for 
the IC. A set of voltage vectors (or I ddq vectors) is applied to the IC, and, for each vector applied, 
a quiescent current measurement is made for the IC. Voltage vectors (or "vectors") refers to 
voltage values applied as stimuli to the inputs of an IC; these voltage values correspond to 
logical O's and logical l's for the IC technology being used. The vectors will propagate through 
the IC gates and nodes to the IC outputs. The application of these vectors to the inputs of the IC 
will cause the gates or nodes within the IC to be set to a 0 or 1 logic level. For each vector 
applied, a current limit for the measured quiescent current value is set. 

The first step of this method therefore requires that a set of vectors be generated, targeting 
maximum I ddq fault coverage. These "I ddq vectors" are applied to the experimental ICs, and a 
small subset of vectors are measured that represents the majority of fault coverage possible for 
the experimental ICs . For each vector applied to the experimental ICs, the mean and standard 
deviation of the measured quiescent current response for that vector is determined from a 
statistically valid cross-section of ICs known to be substantially fault-free. The mean and 
standard deviation of the quiescent current responses from these I ddq vectors can then be sorted in 
increasing order, and can be plotted graphically to depict a standard current signature for the 
given IC to which the I ddq vectors were applied. 

In production testing, these Iddq vectors will be applied to ICs that are also commonly 
referred to as "devices under test" or "DUTs." The mean and standard deviations for the 
measured I ddq vectors are not required to be sorted. However, if these values are sorted, they 
must be sorted in some order - either increasing or decreasing in value. Subsequently, vectors 
are applied to the DUT and measurements are made of the corresponding quiescent current 
responses. Upon the application of these vectors to the DUT, any of the multiple measured 
quiescent current response of the DUT that exceeds the predetermined limits provided by a 
standard current signature derived from experimental ICs results in the DUT failing the current 
signature method. 
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Not every defective IC to which vectors are applied will produce at least one quiescent 
current measurement that will exceed the predetermined limits. To identify these ICs as 
defective, another measurement method, such as the total variance method may be used. The 
total variance method differs from the vector-by-vector method by examining the totality of 
variances of the quiescent current measurements caused by the application of vectors to the IC, 
rather than individual quiescent current measurements caused by the application of these vectors. 
This total variance accounts for all of the individual variances of the quiescent current signature 
with respect to the standard signature for all of the vectors. If the total variance of an IC exceeds 
the total variance limit set, the IC fails the total variance test. 

Methods for measuring quiescent current values work well for determining gate oxide 
leakage and most other problems in ICs having lithographies greater than 0.25 microns. 
However, quiescent current measurement analysis on ICs with lithographies less than 0.25 
microns is less effective. The reason for this is that as the size of the IC becomes smaller and the 
density of gates on the IC for the surface area of the IC becomes larger, the IC has a greater 
amount of background leakage while in its static state. This background leakage prevents a 
proper monitoring of changes in quiescent current values in these ICs, since the difference 
between the defect current and the background current may be too small to measure, or may be 
entirely masked. 

One technique for overcoming the limitation of measuring quiescent current values in 
sub-0.25 micron ICs involves the use of dynamic current testing for detecting defective devices. 
Dynamic current testing allows monitoring of power consumption by the IC during transient 
periods, i.e., when the gates of the IC are switching. This dynamic current technique is 
commonly referred to as transient current, or I ddt , testing. Historically, it had been believed that 
although a defective IC device may exhibit abnormal behavior in its transient current state, this 
abnormal transient current would be masked by the overall transient current of the IC, thereby 
preventing the identification of defective gates. Recent studies have shown that this masking 
does not necessarily occur. 
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One problem with the traditional implementation of I ddq testing is this method's inability 
to discern defect-free devices with currents elevated due to otherwise acceptable process 
variations from defective devices. For example, relatively small changes in the channel length of 
an IC can cause substantial changes in sub-threshold leakage currents of that IC. It is preferable 
to find a test method that accepts ICs having high leakages caused by normal process variations 
and reject ICs having high leakages caused by defects. 

SUMMARY OF THE INVENTION 
The present invention includes a method for testing integrated circuits that includes 
measuring a current signature value before and after a voltage stress is administered. A delta 
value of a production integrated circuit (DUT) is derived from the difference in its pre and post 
voltage stress current signature value. DUT current signature delta values are compared to 
experimental threshold current signature delta values for a statistically valid set of acceptable ICs 
to determine whether any of the DUT current signature delta values are greater than the 
experimental threshold current signature delta values at any of the set of measured vectors, or the 
DUT experienced a current shift that was within the experimental threshold current signature 
delta values, but one or more individual current values were too large. An acceptable integrated 
circuit refers to an IC that has passed all other tests discuss previously, i.e., BIST testing, 
functional testing, SAF testing, and scan testing, among others. The current signatures used to 
generate the experimental threshold current signature delta values are formed by measuring 
current responses for each of a set of measured vectors applied across a statistically significant 
number of acceptable integrated circuits. The method embodying the present invention can also 
include the step of generating the experimental threshold current signature delta values by 
measuring a difference between two experimental threshold current signatures from the 
statistically valid set of acceptable ICs. 

In an alternative embodiment of the present invention, the present invention includes an 
apparatus for testing integrated circuits. The apparatus includes a generator for generating a set 
of vectors for applying to a device under test, a measurer for measuring a current signature delta 

REYNICK 1 n 
QBWPBM49913 2 



Docket No. 6674-24 

value of the device under test and a comparing means for comparing the current signature delta 
value to an experimental threshold current signature delta value to determine whether the current 
signature delta value is greater than the threshold current signature delta value. In the present 
invention, the generator can further apply the set of vectors to a statistically valid number of 
acceptable ICs and the measurer can measure the experimental threshold delta value for the 
statistically valid number of acceptable ICs. In the present invention, the comparing means can 
also compare a post-voltage stress current signature of the DUT to a peak post- voltage stress 
current signature for the experimental ICs generated by the generator. 

In another embodiment of the present invention, an integrated circuit can be produced and 
tested to determine whether it is defective. The integrated circuit can be produced and tested to 
determine whether it is defective by measuring a current signature delta value of the integrated 
circuit and comparing the current signature delta value to a threshold current signature delta 
value to determine whether the current signature delta value is greater than the threshold current 
signature delta value. The threshold current signature delta value can be generated from a 
statistically valid number of acceptable integrated circuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

There are presently shown in the drawings embodiments which are presently preferred, it 
being understood, however, that the invention is not limited to the precise arrangements and 
instrumentalities shown, wherein: 

FIG. 1 is a flow-chart illustrating an overall method for identifying defects in integrated 
circuits using I ddq delta signatures. 

FIG. 2 is a flow-chart illustrating a method for calculating a threshold current signature 
delta value for integrated circuits. 

FIG. 3 is a flow-chart illustrating a method for calculating a current signature delta value 
for a given integrated circuit. 

FIG. 4 is an illustration of an apparatus for identifying defects in integrated circuits. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Referring to FIG. 1, a method for identifying defects in an integrated circuit, according to 
the present invention, is illustrated. In step 20, an experimental threshold current signature delta 
value is generated for a statistically valid set of known acceptable integrated circuits. In step 22, 
5 a current signature delta value is measured for a DUT. In step 24, the DUT current signature 
delta value is compared to the experimental threshold current signature delta value 20. In step 
26, a determination is made as to whether the current signature delta value of the DUT is greater 
than the experimental threshold current signature delta values. If the current signature delta 
value of the DUT are greater than the corresponding experimental threshold current signature 
10 delta value, the DUT can be identified as defective. Finally, in step 28, a further determination 
can be made as to whether a DUT which has a current signature delta value that is less than the 
\tl corresponding experimental threshold current signature delta value, has a post-voltage stress 
: § current response for any of the set of measured vectors that is larger than a corresponding 
; y threshold post- voltage stress current response. If any post- voltage stress current response is 
If greater than the corresponding threshold post-voltage stress current response, the DUT can be 
j 3 identified as defective ~ even if the current signature delta values for the DUT are less than the 
m experimental current signature delta values in step 26. 

74 Referring to FIG. 2, the step of generating the threshold current signature delta values for 

u the statistically significant number of acceptable integrated circuit can include multiple steps, as 

20 illustrated. In step 30, a set of vectors is applied to a set of experimental ICs. In step 32, a 
threshold base current signature is formulated for the experimental ICs. In step 34, a voltage 
stress is administered for a time period to each of the experimental ICs. In step 36, the set of 
vectors is applied to the experimental ICs under the same power supply conditions as in step 32 
at a time after the voltage stress is administered. In step 38, non-current tests are run on all 

25 experimental ICs to remove all substantially unacceptable ICs. In step 40, a threshold post-stress 
current signature is formulated from the experimental ICs. In step 42, the threshold base current 
signature of the experimental ICs is compared to the threshold post-stress current signature of the 
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experimental ICs to determine a threshold current signature delta value for an acceptable 
integrated circuit. 

In the present invention, the experimental ICs are chosen as a sampling of integrated 
circuits from several lots of integrated circuit wafers. In general, the number of integrated 
circuits chosen for generating threshold current signature values is preferably statistically 
significant, i.e., in the range of hundreds of ICs, depending on the size of the IC production run. 
In a preferred embodiment of the present invention, the number of acceptable integrated circuits 
constituting a statistically significant number is 384 integrated circuits. It is preferable in the 
present invention that all lots of integrated circuit wafers from which the statistically significant 
number of integrated circuits are chosen have the same lithography. These chosen integrated 
circuits are found acceptable because they have passed non-signature tests, such as functional, 
scan, BIST or SAF tests, during the integrated circuit production process. 

In the present invention, the experimental ICs preferably have the same architecture and 
process as the DUT. It is preferable to have the same integrated circuit architecture and process 
for the experimental ICs and the DUT because the threshold current signature delta value that 
identifies that an integrated circuit is defective is specific to the architecture and process of that 
given integrated circuit. The value of the threshold current signature delta for one integrated 
circuit architecture, design, or process will not necessarily be the same for an alternative 
integrated circuit architecture, design, or process. 

In general, the threshold base current signature for the experimental ICs is formulated by 
applying the set of vectors to each of the acceptable experimental integrated circuits. A small 
subset of measured vectors from the complete set of vectors is then identified. A base current 
response is measured for each of the set of measured vectors applied across each of the 
acceptable experimental integrated circuits. From these base current response measurements, a 
limit is determined for each vector and is set as the threshold base current response for that 
measured voltage vector. Once the threshold base current response for each measured vector has 
been assigned, the threshold base current responses are formulated into a threshold base current 
signature for the set of measured vectors. The threshold post- voltage stress current signature for 
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the set of measured vectors is generally set in the same manner, with the limit identified as the 
threshold post-voltage stress current response for the measured voltage vector. These current 
responses are then formulated into a threshold post-voltage stress current signature for the set of 
measured vectors. The limits in formulating the threshold post-voltage stress current signature 
may be set to include an acceptable yield loss of otherwise acceptable ICs to ensure higher 
production quality, but this is not a requirement of the invention. 

Threshold current signatures may be formulated for the chosen set of test vectors through 
process simulation tools, rather than from actual measurements of experimental ICs. The IC is 
first designed and a full transistor level layout is completed. A switch level (FET) simulation 
program is used to identify the "off state n-type FETs and "off state p-type FETs for each I ddq 
test vector. In essence, areas off transistors of each type are "lumped," effectively creating one 
large n-type FET and one large p-type FET. Since p-type FETs tend to be leakier than n-type 
FETs, it is preferable to keep separate area sums. Reverse bias diode leakage and sub-threshold 
leakage current values are usually the dominant contributors to transistor leakage. These 
parameters are largely process dependent and will be supplied for each distinct process. A 
simulation is then run using the supplied n-type FET and p-type FET sums together with the 
reverse diode leakage and sub-threshold leakage for the process of interest to generate a threshold 
current band for each I ddq vector. Individual threshold current bands are combined to generate a 
threshold current signature. Production IC data is then taken for each I ddq vector and the results 
compared to the appropriate model values. Random out of specification ICs indicate defects in 
the IC process or the affected device. However, if failures are consistently registered, it is likely 
the IC process is running out of specification on one or more critical parameters or the simulated 
leakage model values require revision. Finally, it should be noted that use of the lumped method 
ignores geometrical effects that can contribute to leakage, 

A modification of the "lumped" simulation method is a gate level modeling method. This 
method models the IC by representing the IC by a series of logical gates, such as "and" gates and 
"or" gates. A simulator is preferably used to determine appropriate input sensitization values to 
put the logical gates into a low current state and determine which transistors that are in the off 
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state. The simulator would be given the off state n-type FET and p-type FET area sums for each 
distinct cell found in a given IC together with the reverse diode leakage and sub-threshold 
leakage for the process of interest as in the lumped method to determine leakage on a logical cell 
basis for each Iddq vector. The simulator would multiply the simulated cell leakage of individual 
cells by the number of cells in the IC of interest to determine I ddq values for each test vector. 
Threshold current signatures may then be formulated for the chosen set of test vectors. 
Production IC data is then taken for each I ddq vector and the results compared to the appropriate 
simulated gate level model values. 

In the present invention, the threshold current signature delta value for a given integrated 
circuit may also potentially be generated using a computer. This computer could be provided 
with all of the process and circuit information for the given integrated circuit for which the 
threshold current signature delta value is desired, and could use this process and circuit 
information to formulate the threshold current signature delta value. Since the computer 
generated threshold current signature delta value is formulated from hypothetical process and 
circuit information, the threshold current signature delta value could be determined during the 
integrated circuit design process. As a result, this computer model could be used to design 
integrated circuits having threshold current signature delta values of in a desired value range. 
Furthermore, the computer generated threshold current signature delta value may be statistically 
modified to account for real world variations in integrated circuit manufacture, such as 
acceptable yield losses. However, these real world variations are not required to be taken into 
account by the computer in generating the threshold current signature delta value. 

In the present invention, the largest post- voltage stress current responses are set as the 
post-voltage stress current response thresholds. These current responses are then compared to 
the post- voltage stress current responses measured for the set of measured vectors applied to the 
DUT. If any of the post- voltage stress current responses measured for the set of measured 
vectors applied to the DUT are greater than the post-voltage stress current response thresholds 
identified for the acceptable experimental ICs, then the DUTs can be identified as defective. 
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In the present invention, the base current signatures and the post-stress current signatures 
for the set of measured vectors applied to the experimental ICs can be base quiescent current 
signatures and post-stress quiescent current signatures. The base current signatures and the post- 
stress current signatures for the set of measured vectors applied the experimental ICs can also be 
base transient current signatures and post-stress transient current signatures. Furthermore, in the 
present invention, the base current signature and the post-stress current signature for the set of 
measured vectors applied to the DUT can also be a base quiescent current signature and a post- 
stress quiescent current signature. The base current signature and the post-stress current 
signature for the set of measured vectors applied to the DUT can also be a base transient current 
signature and a post-voltage stress transient current signature. 

When the base current signatures and post-stress current signatures for each of the 
experimental ICs, and for the DUT, are base quiescent current signatures and post- voltage stress 
quiescent current signatures, the set of measured vectors generally includes a range of 20-50 
vectors. In choosing the 20-50 vectors that form the set of vectors used in measuring the base 
quiescent current signature and the post-stress quiescent current signature, it is preferable to 
chose vectors that are associated with a high DUT fault coverage. Furthermore, in choosing the 
20-50 vectors that form the set of vectors used in measuring the base quiescent current signature 
and the post-stress quiescent current signature, it is also preferable to choose vectors that are 
associated with low current off-states of the DUT. These 20-50 vectors are not the only vectors 
applied to the production DUT when these base quiescent current signatures and post-stress 
quiescent current signatures are measured; a complete set of vectors is applied to the production 
DUT. This complete set of vectors can be on the order of millions of vectors. The quiescent 
current response of the DUT is not measured for each vector of the complete set of vectors 
applied to the integrated circuit. The quiescent current response of the DUT is only measured for 
each of the 20-50 vectors of the set of measured vectors applied to the DUT. These 20-50 
measurements are made after the application of the respective vectors to the integrated circuit 
and after the integrated circuit is allowed to reach a steady state. Even though measurements are 
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made solely on the 20-50 vectors, it is still preferable to apply the complete set of vectors to the 
DUT at all times in order to initialize the integrated circuit for each individual measurement. 

As an example, measurement of the current responses resulting from the application of 
the complete set of vectors to the production DUT can result in coverage of approximately 99.9% 
of the faults in the production DUT. On the other hand, when the 20-50 vectors are chosen 
properly, measurement of the quiescent current responses resulting from the application of these 
vectors to the production DUT could result in coverage of 95% of the faults in the production 
DUT. While 99.9% is preferable for identifying faults in the production DUT, the approximately 
95% fault coverage provided from the 20-50 vectors could be acceptable. 

Generally, when measuring base transient current signatures and post- voltage stress 
transient current signatures, it is preferable that enough vectors are applied to the experimental 
ICs, and 1o the DUT, to provide complete fault coverage to the integrated circuit. If 100% of the 
possible DUT faults cannot be determined, the number of vectors applied to the DUT should 
provide fault coverage as close as possible to 100%. 

V/hen the measured base and post-stress current signatures of the DUT are base and post- 
stress quiescent current signatures, the set of measured vectors is limited because of the extended 
amount of time it would take to make measurements for the complete set of vectors. This is 
because the integrated circuit must be stopped for each vector applied and the current in the 
integrated circuit must be given time to "settle," or reach a static level, prior to measuring each 
current response in the base or post-stress quiescent current signature of the DUT. For example, 
it would take approximately 10 to 100 ms to apply each individual vector of the set of vectors to 
the integrated circuit and to measure the current response of the integrated circuit for that 
individual vector. Thus, applying the complete set of vectors containing, for example, one 
million individual vectors to the integrated circuit, and measuring the current response of the 
integrated circuit for each of the complete set of vector applied, would take 10,000 to 100,000 
seconds for each DUT. During the course of an integrated circuit production run, this is too long 
of a period of time to be economically feasible. 



REYNICK 1 
QBWPBM49913.2 



16 



Docket No. 6674-24 

Contrary to the measurement of the quiescent current signatures of the integrated circuit, 
the measurement of the transient current signatures of the integrated circuit can be accomplished 
without a settling time delay between each current response in the current signature. 
Accordingly, the measurement of the transient current signatures of the integrated circuit can be 
performed at a higher speed than for quiescent measurements. For example, if the test clock 
speed of the integrated circuit is 20 MHz, it will only take 50 milliseconds to measure the 
individual transient current responses for one million vectors applied to the integrated circuit. 
Thus, as there is no prohibitive time restraint caused by the stopping of the clock of the DUT, 
the set of measured vectors applied to the DUT can be the complete set of vectors when 
measuring the transient current signatures of the DUT. By a complete set of vectors is meant that 
the set of vectors includes all of the vectors necessary to toggle the maximum possible gates (or 
nodes) of the integrated circuit from logic level 0 to 1, or vice versa. By toggling the maximum 
possible gates (or nodes) is meant that data is applied as a vector to every input of the DUT, and 
this applied vector in some way toggles every node in the DUT to a logic level 0 and a logic level 
1, if such a test exists for that node. Such an application of vectors can allow up to 100% fault 
coverage of the DUT. 

In one embodiment of the present invention, the set of vectors applied to the experimental 
ICs, and to the DUT, is preferably generated using an automatic test program generator (ATPG) 
software tool, since these tools are designed to generate high fault coverage I ddq vectors, with a 
minimum number of vectors. Furthermore, this ATPG tool can also be used to select the set of 
measured vectors used to measure the quiescent current signatures of the experimental ICs and 
DUT. ATPG software tools, such as the TetraMAX® ATPG tool produced by Synopsys, Inc. of 
Mountain View, CA, are commercially available. 

In the present invention, in order for the ATPG software tool to properly generate a set of 
vectors to be applied to the experimental ICs and the DUT, and to generate the set of measured 
vectors to be used in measuring the base and post-stress current signatures of the experimental 
ICs and the DUT, information concerning the design specifications of the integrated circuit must 
be provided to the ATPG software tool. In the present invention, this information preferably 
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includes the arrangement or topology of individual logic gates for the integrated circuit, among 
other things. These design specifications are generally provided to the ATPG tool in a file that is 
often referred to as a "netlist" This netlist can identify to the ATPG software tool the 
architecture, or arrangement or topology, of the integrated circuit to be tested. In the future, the 
ATPG software tool may be able to determine integrated circuit technology in other manner, 
including the use of register-transferlevel (RTL) or behavioral descriptions. The ATPG tool 
generates the set of vectors and performs a software simulation on the integrated circuit defined 
in the netlist. When the base or post-stress current signature being measured is a base or post- 
stress quiescent current signature, the set of measured vectors is chosen from the complete set of 
vectors by the ATPG software tool to include vectors having elevated fault coverage. By 
elevated fault coverage vectors is meant vectors that, when applied to an input of the DUT, 
toggle the largest number of nodes in the DUT possible to a logic level of 0 or L For example, a 
vector applied to the inputs of the DUT that toggles 75% of the nodes in that circuit from 0 to 1, 
or 1 to 0, (75 % fault coverage) may be considered to be an elevated fault coverage vector if 25 
measurement points are desired, and 75% fault coverage would put this example vector within 
the set of top 25 fault coverage vectors. Additionally, the set of measured vectors generated by 
the ATPG software tool for measuring base or post-stress quiescent current signatures should 
generally force logic gates to low current states. For example, integrated circuits may contain 
pull-up or pull-down logic in their design that normally draw high levels of current. It is difficult 
to measure small changes in quiescent current occurring in these logic gates because of the 
background current leakage associated with these high current levels. This inability to measure 
small changes in quiescent current is called current masking. Thus, vectors associated with logic 
gates that draw high current levels are not suitable for inclusion in the set of measured vectors 
chosen by the ATPG software tool. 

In addition to selecting the set of vectors to be applied to the integrated circuits and the 
set of measured vectors used to form the base and post- voltage stress current signatures of the 
integrated circuits, the ATPG tool can also make a theoretical determination of the output 
response of the integrated circuits from the application of the set of vectors. When the base or 
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post- voltage stress current signature being measured is a base or post- voltage stress transient 
current signature, the set of vectors generated by the ATPG software tool should preferably be 
equivalent to the set of measured vectors used to form the base or post- voltage stress current 
signature. When the set of measured vectors is equivalent to the complete set of vectors, the set 
of measured vectors should preferably provide for every gate (or node) in the DUT to be toggled 
(allowing for one hundred percent fault coverage, if possible). 

In one embodiment of the present invention, the set of vectors is applied to the DUT by 
test equipment. In the present invention, the test equipment is preferably a VLSI test system. 
Such test equipment is commercially available. For example, one such VLSI test system is the 
AGILENT (formerly Hewlett Packard) Model 83000 VLSI Test System, produced by AGILENT 
Technologies of Palo Alto, California. When the test equipment is used to apply the set of 
vectors to the DUT in the present invention, a test vector translator is preferably used to translate 
the set of vectors generated by the ATPG tool from the ATPG tool language into the native 
language of the test equipment, if this is not a feature of the ATPG tool. At the same time that 
the translation occurs, the test vector translator produces a test program that tells the test 
equipment how to take a current response measurement. Such a current response measurement 
will generally occur on a power pin or pad of the integrated circuit being tested. Once the 
complete set of vectors is applied to the DUT, and the base current signature from the application 
of the set of measured vectors is measured, it is preferable that the base current signature is 
recorded in the VLSI test system. 

In the present invention, the voltage stress is preferably an electrical stimulus that is 
substantially above the voltage range specified for normal operation the integrated circuit. This 
stimulus is then applied to the integrated circuit for a predetermined duration — the higher the 
value of the electrical stimulus, the shorter the duration that the electrical stimulus is applied to 
the integrated circuit. If the integrated circuit is defective or even marginally defective, 
subjecting the integrated circuit to the substantially higher electrical stimulus for this duration 
can cause the integrated circuit to either fail entirely, have reduced efficacy, or draw increased 
current. To effectively stress an integrated circuit that is being tested, the electrical stimulus 
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applied to that integrated circuit should be set such that the electrical stimulus can cause damage 
in the defective or marginally defective integrated circuits, but does not damage acceptable 
integrated circuits. 

The level and duration of the electrical stimulus (or voltage stress) is experimentally 
derived for the entire integrated circuit production line from which the DUTs are taken. This 
level could be used for testing all integrated circuits that are produced with the same processing 
technology. The derived level and duration at which the voltage stress is applied to the 
integrated circuit should provide for a minimal yield loss of integrated circuits. By this minimal 
yield loss is meant that a minimal number of otherwise acceptable integrated circuits are meant 
to fail as a result of the voltage level of the application of the electrical stimulus (or voltage 
stress). 

Generally, the level of voltage stress used will be inversely proportional to the duration 
for which the voltage stress is applied to the integrated circuit. For example, if the voltage stress 
applied to the power bus of the integrated circuit is increased, then the duration for which the 
voltage stress is applied to the integrated circuit is decreased. Also, when the duration for which 
the voltage stress is applied to the integrated circuit is increased, the level of voltage stress 
applied to the power bus of the integrated circuit is decreased. A balance can thus be reached 
between the amount of voltage stress applied and the duration of the application of this voltage 
stress to the power bus of the integrated circuit, so that the voltage stress causing minimal yield 
loss can be applied to the integrated circuit for a minimal duration. For example, one example of 
such balance can be to apply a voltage stress equivalent to approximately two and one-half times 
the nominal power supply voltage (V dd ) for a duration of approximately 100ms. This example, 
however, is not a restriction of the invention. 

Referring to FIG. 3, the step of measuring the current signature delta value of the DUT 
can include multiple steps, as illustrated. In step 50, a set of vectors is applied to the DUT and a 
base current signature for the DUT is formulated. In step 52, a voltage stress is administered to 
the DUT for a time period. In step 54, the set of vectors is applied to the DUT and a post- voltage 
stress current signature for the DUT is formulated. Finally, in step 56, the current signature delta 
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value for the DUT is determined. The current signature delta value for the DUT can be the 
difference between the post- voltage stress current signature and base current signature for the 
DUT. 

The base current signature for each of the experimental ICs can be formulated by 
measuring a current response for each of a set of measured vectors from the set of vectors applied 
to the experimental ICs, and plotting these current responses into a signature for the entire set of 
measured vectors. In the present invention, the post- voltage stress current signature can also be 
formulated in the same manner. This means that after administering the voltage stress to each of 
the experimental ICs for the time period, a post-voltage stress current signature can be 
formulated by measuring a post-stress current response for each of the set of measured vectors 
applied to the experimental ICs and plotting these current responses into a current signature for 
the set measured of vectors. After plotting the measured current responses for each of the 
experimental ICs, an analysis can be performed to determine the range of possible currents that 
are experienced in acceptable devices, and derive a maximum threshold value for each of the 
measured current responses. 

In the present invention, the current signatures for the DUT can be formulated in much 
the same manner. For instance, the base current signature for the DUT can be formulated by 
measuring a current response for each of the set of measured vectors applied to the DUT, and 
plotting these current responses into a current signature for the entire set of measured vectors. 
Additionally, after the voltage stress is administered to the DUT for a time period, the post- 
voltage stress current signature for the DUT can be formulated by measuring a post- voltage 
stress current response for each of the set of measured vectors applied to the DUT and plotting 
these current responses into a current signature for the entire set of measured vectors. 

The base and post- voltage stress current signatures of the DUT are then compared to the 
threshold base and post-voltage stress current signatures of the experimental ICs. The DUT will 
fail the test if either the current signature delta value (current shift) or post- voltage stress current 
signature value of the DUT exceeds the experimental threshold current signature delta value or 
the threshold post- voltage stress current signature of the experimental ICs. 
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The base and post-voltage stress current signatures for the experimental ICs, and for the 
DUT, are generated using the current signature formation processes described above. Whether 
the base and post- voltage stress current signatures measured are base and post- voltage stress 
quiescent current signatures or base and post- voltage stress transient current signatures depend 
upon numerous factors. In the present invention, the factors identifying whether to measure the 
quiescent or transient current signatures of the integrated circuit include the size of the integrated 
circuit, the transistor or gate density of the integrated circuit, and the background leakage level of 
the integrated circuit. For example, in one embodiment of the present invention, the transient 
current signature is generally preferred for integrated circuits lithographies that are less than 0.25 
microns in size. On the other hand, in the present invention, the quiescent current signature is 
generally preferred for integrated circuit lithographies that are greater than 0.25 microns in size. 
Furthermore, if an integrated circuit with a lithography greater than 0.25 microns in size has a 
high background current leakage, measurement of the transient current signature of that 
integrated circuit will most likely be preferred over measurement of the quiescent current 
signature of that integrated circuit. The reason for this is that it is more difficult to measure the 
current levels of an integrated circuit necessary to formulate the base and post- voltage stress 
quiescent current signatures when that integrated circuit has a high background current leakage, 
because these quiescent current voltage levels are often difficult to distinguish from the 
background current leakage of the integrated circuit and thus difficult to measure. On the other 
hand, the current peaks of the integrated circuit used in formulating the base and post- voltage 
stress transient current signatures are higher than the background current leakage levels of the 
integrated circuit, and are much easier to distinguish from the background current leakage and 
thus easier to measure. 

In one embodiment of the present invention, a measurement of the logical output 
response of the DUT resulting from the application of the set of vectors to the DUT can be made 
in addition to the measurement of the base and post-voltage stress current signatures of the DUT. 
This actual output response measurement is compared against the output response generated by 
the ATPG software tool. It is preferred that the ATPG output responses should be verified with a 
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logic simulation tool that has timing capability, since most ATPG tools are zero delay. If the 
difference between the actual and expected logical output responses do not match, the DUT can 
be considered to be defective. This is the case even if the current signature delta value of the 
DUT is less than the experimental threshold current signature delta value. This comparison is 
supplemental to the functional test associated with integrated circuit functional verification. 

Although not required in the present method, the DUT that has a quiescent or transient 
current signature delta value greater than the experimental threshold current signature delta value 
may be subsequently burned-in and tested to confirm these integrated circuits as defective. In 
performing this confirmation, both the defective integrated circuit and a control group of 
acceptable integrated circuits are concurrently burned-in. After this burn-in, non-signature tests 
are performed on both groups of integrated circuits to determine if there are variations between 
the two. For example, functional, BIST, or scan tests of both the defective integrated circuit and 
the control group are measured and compared. If the non-signature tests confirm that the DUT is 
defective, then the experimentally derived threshold current signature delta value has been 
properly set. If the non-signature tests identify the DUT as actually fault-free, then the 
experimental threshold current signature delta value has been improperly set and the 
experimental threshold current signature delta value is recalculated. This formulation of a new 
experimental threshold current signature delta value should result in a determination that the 
DUT is actually fault-free. Thus, upon any resetting of the experimental threshold current 
signature delta value for a given DUT, the DUT should be tested again using the present 
invention to determine whether it is still considered to be defective. 

Analyzing the current signature delta value of DUTs in the present method can alleviate 
problems associated with measuring current responses in given nodes of integrated circuits 
having background noise. This problem is also addressed by the total variance method described 
herein. The present method differs from the total variance method, however, in that it also 
considers the change in current response for each vector in the set of measured vectors, rather 
than the change in the set of measured vectors at the same time. These individual measurements 
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provide for a more accurate measurement of current limits for different integrated circuit nodes, 
as discussed herein with respect to the vector-by- vector method. 

In the present invention, the method for identifying defects in the DUT is not required to 
be performed at any specific time during the integrated circuit fabrication process. For example, 
the method can be performed when the gates (or nodes) that form the integrated circuit have been 
placed on a silicon wafer, but before the silicon wafer is sliced into separate integrated circuits. 
The method can also be performed after the silicon wafer has been sliced, and the individual 
integrated circuits formed on that silicon wafer have been packaged. The time in the integrated 
circuit fabrication process in which the method is performed will have an effect on the threshold 
current signature delta value for the integrated circuit. Thus, if the threshold current signature 
delta value is experimentally calculated for the silicon wafer before it is sliced, the current 
signature delta values for the DUTs that are compared to the threshold current signature delta 
value are preferably measured at the same point in the integrated circuit fabrication process in 
which the experimental threshold current signature delta value was determined. This is the case 
for determining whether to measure quiescent or transient current signature delta values. For 
example, if the experimental threshold current signature delta value of an integrated circuit is 
determined based on transient current measurements, then the current signature delta values for 
DUTs are preferably made using base and post-voltage stress transient current signatures. 

Referring to FIG. 4, a apparatus for identifying defects in an integrated circuit, according 
to the present invention, is illustrated. The apparatus can include a generator 100 for generating 
a set of vectors, including a set of measured vectors, for applying a stimulus to a statistically 
valid number of acceptable integrated circuits and a device under test (DUT); a measurer 102 for 
measuring an experimental threshold current signature delta value for the statistically valid 
number of acceptable integrated circuits ("experimental ICs") and a current signature delta value 
of a DUT; and a comparing means 104 for comparing the current signature delta value to the 
experimental threshold current signature delta value to determine whether the current signature 
delta value is greater than the threshold current signature delta value or the maximum current 
threshold for that vector is exceeded. 
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In the present invention, the generator 100 can generate the set of vectors for applying to 
the experimental ICs and the DUT. Furthermore, the generator 100 can determine which vectors 
from the set of vectors are preferably included in the set of measured vectors used by the 
measurer 102 in measuring the experimental threshold current signature delta value for the 
5 experimental ICs and the current signature delta value for the DUT. In one embodiment of the 
present invention, the generator 100 is preferably an automatic test program generation (ATPG) 
software tool. The ATPG software tool is designed to generate high fault coverage of a tested 
integrated circuit using a minimum number of vectors. As discussed above, ATPG software 
tools, such as the TetraMAX® ATPG tool produced by Synopsys, Inc. of Mountain View, CA, 
1 0 are commercially available. 

:S In the present invention, the experimental threshold current signature delta value can also 

: if be determined by a computer 103, rather than by the measurer 102. The computer 103 could be 
B provided with all of the process and circuit information for the given integrated circuit for which 
id the threshold current signature delta value is desired, and could use this process and circuit 
15" information to formulate the threshold current signature delta value. The computer 103 would 
5 thus not determine the threshold current signature delta value using experimental ICs, averting 
!ij any improper identification of the threshold current signature delta values that may arise from the 

inclusion of multiple substantially defective ICs in the measurement procedure. 
^ In the present invention, the measurer 102 can measure the current signature delta value 

20 of the DUT by applying a complete set of vectors generated by the generator 100 to the DUT, 
and formulating a base current signature for the DUT from a set of measured vectors within the 
complete set of vectors generated by the generator 100; administering a voltage stress to the 
DUT for a time period; applying the complete set of vectors to the DUT and formulating a post- 
voltage stress current signature for the DUT from the set of measured vectors; and determining a 
25 current signature delta value for the DUT as a difference between the base current signature and 
post-voltage stress current signature for the DUT. In one embodiment of the present invention, 
the measurer 102 is preferably a VLSI test system. One example of the VLSI test system is the 
AGILENT® (formerly Hewlett Packard) Model 83000 VLSI Test System described herein. 
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In the present invention, the measurer 102 can also measure the largest post- voltage stress 
current responses for each of the set of measured vectors applied to the experimental ICs. The 
largest post-voltage stress current responses can then be set as the threshold post- voltage stress 
current responses for the experimental ICs. The measurer 102 also measures the post- voltage 
stress current responses for each of the set of measured vectors is measured for the DUTs. 

In the present invention, the comparing means 104 can generally be a computer or a 
microprocessor, among other things. The comparing means 104 can continuously monitor the 
current signature delta values of the DUTs during the integrated circuit production process, 
comparing each current signature delta value of DUTs with the threshold current signature delta 
value to determine whether the current signature delta value of the measured DUT is greater than 
the threshold current signature delta value. If the current signature delta value of the DUT is 
greater than the threshold current signature delta value, then the comparing means 104 can 
identify that DUT as defective. The computer or microprocessor constituting the comparing 
means 104 may be contained as part of the measurer 102. For example, the computer or 
microprocessor that compares the current signature delta values of the DUTs to the experimental 
threshold current signature delta value may be included in the VLSI test system described above. 

The comparing means 104 can also be performed by the manual monitoring of the current 
signature delta values of the DUTs to determine whether these current signature delta values are 
greater than the threshold current signature delta value. 

In the present invention, the comparing means 1 04 can also compare the threshold post- 
voltage stress current responses to the post-voltage stress current responses measured for the set 
of measured vectors applied to the DUT. If any of the post-voltage stress current responses 
measured for the set of measured vectors applied to the DUT are greater than the largest post- 
voltage stress current responses identified for the experimental ICs, then the DUTs can be 
identified as defective by the comparing means 104. 

In the present invention, the threshold current signature delta value measured by the 
measurer 102 can be equivalent to a largest difference between the post- voltage stress current 
signature and the base current signature of the set of measured vectors as applied to the 
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experimental ICs. The base current signature of the set of measured vectors applied to the 
experimental ICs is formulated by determining the smallest base current response for each of the 
set of measured vectors as applied to the experimental ICs. These smallest base current 
responses for the set of measured vectors are then plotted to generate a base current signature for 
the set of measured vectors as applied to the experimental ICs. The post- voltage stress current 
signature of the set of measured vectors applied to the experimental ICs is formulated by 
determining the largest post- voltage stress current response for each of the set of measured 
vectors as applied to the experimental ICs. These largest post- voltage stress current responses 
for the set of measured vectors are then plotted to generate a post- voltage stress current signature 
for the set of measured vectors as applied to the experimental ICs. Also, the current signature 
delta value for the DUT that is determined by the present invention can be a difference between 
the post- voltage stress current signature and the base current signature of the DUT. The base 
current signature for the DUT can be formulated by measuring the current response from the 
power bus of the DUT for each of the set of measured vectors, and plotting this set of individual 
current responses into a current signature. The post-voltage stress current signature for the DUT 
can be formulated by measuring the current response from the power bus of the DUT for each of 
the set of measured vectors after the voltage stress has been applied to the DUT, and plotting this 
set of current responses into a current signature. 

In another embodiment of the present invention, an integrated circuit 110 can be tested to 
determine whether it is defective. This integrated circuit can be tested using the method 
described herein and illustrated in FIGS. 1-3 or the apparatus described herein and illustrated in 
FIG. 4. 

As illustrated in FIGS. 1-4, the device under test (DUT) 1 10 is an integrated circuit that 
can be tested to determine whether it is defective using the method described herein. Thus, a 
threshold current signature delta value is generated for experimental ICs using the method 
described herein. After the threshold current signature delta value is generated, a current 
signature delta value is measured for a DUT. The current signature delta value is then compared 
to the threshold current signature delta value and a determination is made as to whether the 

REYNICK 1 07 
QBWPBM49913 2 * ' 



Docket No. 6674-24 

current signature delta value of the DUT is greater than the threshold current signature delta 
value. If the current signature delta value of the DUT is greater than the threshold current 
signature delta value, the integrated circuit 110 can be identified as defective. Furthermore, a 
determination can made as to whether any post-voltage stress current response for the DUT from 
5 the set of measured vectors is greater than any corresponding threshold post-voltage stress 
current responses. If any post- voltage stress current response for the DUT from the set of 
measured vectors is greater than the corresponding threshold post-voltage stress current response, 
the integrated circuit 110 can be identified as defective. 

As described herein, the step of generating the threshold current signature delta value for 
10 experimental ICs includes applying a set of vectors to a experimental ICs; formulating a 

threshold base current signature for the experimental ICs ; administering a voltage stress for a 
jif time period to each of the experimental ICs; applying the set of vectors to the experimental ICs 
;|j after the voltage stress is administered; running non-current tests on all experimental ICs to 
uj remove all substantially unacceptable ICs; formulating a threshold post- stress current signature 
1 l 5r for the experimental ICs; comparing the threshold base current signatures of the experimental 
O ICs to the threshold post-stress current signatures of the experimental ICs to determine a 
:ij threshold current signature delta value for an acceptable integrated circuit. 
^ As described herein, the step of measuring the current signature delta value of the DUT 

can include applying a set of vectors to the DUT and formulating a base current signature for the 
20 DUT; administering a voltage stress to the DUT for a time period; applying the set of vectors to 
the DUT after administering the voltage stress and formulating a post- voltage stress current 
signature for the DUT; and determining the current signature delta value for the DUT. The 
current signature delta value for the DUT can be the difference between the post- voltage stress 
current signature and base current signature for the DUT. 
25 Also, as described herein, the threshold current signature delta value for a given 

integrated circuit can be the largest difference between the threshold post- voltage stress current 
signature and the threshold base current signature for the experimental ICs. The threshold base 
current signature can be formulated by measuring the lowest current response for each of the set 
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of measured vectors applied to the experimental ICs, and plotting the measured lowest current 
responses into a base current signature for the set of measured vectors. The threshold post- 
voltage stress current signature can be formulated by measuring the highest current response for 
each of the set of measured vectors applied to the experimental ICs, and plotting the measured 
highest current responses into a base current signature for the set of measured vectors. 

As illustrated in FIG. 4, the testing of the integrated circuit 110 can be achieved through 
the use of the apparatus for identifying defects in an integrated circuit that includes the generator 
100 for generating a set of vectors, including a set of measured vectors, for applying to 
experimental ICs 106a-n and a DUT 110; the measurer 102 for measuring an experimental 
threshold current signature delta value for the experimental Ics 106a-n and a current signature 
delta value of a DUT 110; and the comparing means 104 for comparing the current signature 
delta value to the experimental threshold current signature delta value to determine whether the 
current signature delta value is greater than the threshold current signature delta value or the 
maximum current threshold for that vector is exceeded. 

In the present invention, the generator 100 can generate the set of vectors for applying to 
the experimental ICs 106a-n and the DUT 110. Furthermore, the generator 100 can determine 
which vectors from the set of vectors are preferably included in the set of measured vectors used 
by the measurer 102 in measuring the experimental threshold current signature delta value for the 
experimental ICs 106a-n and the current signature delta value for the DUT 110. In one 
embodiment of the present invention, the generator 100 is preferably an automatic test program 
generation (ATPG) software tool. The ATPG software tool is designed to generate high fault 
coverage of a tested integrated circuit using a minimum number of vectors. As discussed above, 
ATPG software tools, such as the TetraMAX® ATPG tool produced by Synopsys, Inc. of 
Mountain View, CA, are commercially available. 

In the present invention, the measurer 102 can measure the threshold current signature 
delta value of the DUT 1 10 by applying a complete set of vectors generated by the generator 100 
to the DUT 1 10, and formulating a base current signature for the DUT 110 from a set of 
measured vectors within the complete set of vectors generated by the generator 100; 
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administering a voltage stress to the DUT 1 10 for a time period; applying the complete set of 
vectors to the DUT 110 and formulating a post- voltage stress current signature for the DUT 110 
from the set of measured vectors; and determining a current signature delta value for the DUT 
1 10 as a difference between the base current signature and post- voltage stress current signature 
for the DUT 110. In one embodiment of the present invention, the measurer 102 is preferably a 
VLSI test system. One example of the VLSI test system is the AGILENT® (formerly Hewlett 
Packard) Model 83000 VLSI Test System described herein. 

In the present invention, the measurer 102 can also measure the largest post- voltage stress 
current responses for each of the set of measured vectors applied to the experimental ICs 106a-n. 
The largest post- voltage stress current responses can then be set as the threshold post- voltage 
stress current responses for the experimental ICs 106a-n. The measurer 102 also measures the 
post-voltage stress current responses for each of the set of measured vectors is measured for the 
DUT 110. 

In the present invention, the comparing means 104 can generally be a computer or a 
microprocessor, among other things. The comparing means 104 can continuously monitor the 
current signature delta values of the DUT 110 during the integrated circuit production process, 
comparing each current signature delta value of DUT 110 with the threshold current signature 
delta value to determine whether the current signature delta value of the measured DUT 1 10 is 
greater than the threshold current signature delta value. If the current signature delta value of the 
DUT 1 10 is greater than the threshold current signature delta value, then the comparing means 
104 can identify that DUT 1 10 as defective. The computer or microprocessor constituting the 
comparing means 104 may be contained as part of the measurer 102. For example, the computer 
or microprocessor that compares the current signature delta values of the DUT 1 10 to the 
experimental threshold current signature delta value may be included in the VLSI test system 
described above. 

The comparing means 104 can also be performed by the manual monitoring of the current 
signature delta values of the DUT 1 10 to determine whether these current signature delta values 
are greater than the threshold current signature delta value. 
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In the present invention, the comparing means 104 can also compare the threshold post- 
voltage stress current responses to the post-voltage stress current responses measured for the set 
of measured vectors applied to the DUT 110. If any of the post- voltage stress current responses 
measured for the set of measured vectors applied to the DUT 1 10 are greater than the largest 
post- voltage stress current responses identified for the experimental ICs 106a-n, then the DUT 
1 10 can be identified as defective by the comparing means 104. 

In the present invention, the threshold current signature delta value measured by the 
measurer 102 can be equivalent to a largest difference between the post- voltage stress current 
signature and the base current signature of the set of measured vectors as applied to the 
experimental ICs 106a-n. The base current signature of the set of measured vectors applied to 
the experimental ICs 106a-n is formulated by determining the smallest base current response for 
each of the set of measured vectors as applied to the experimental ICs 106a-n. These smallest 
base current responses for the set of measured vectors are then plotted to generate a base current 
signature for the set of measured vectors as applied to the experimental ICs 106a-n. The post- 
voltage stress current signature of the set of measured vectors applied to the experimental ICs 
106a-n is formulated by determining the largest post- voltage stress current response for each of 
the set of measured vectors as applied to the experimental ICs 106a-n. These largest post- voltage 
stress current responses for the set of measured vectors are then plotted to generate a post-voltage 
stress current signature for the set of measured vectors as applied to the experimental ICs 106a-n. 
Also, the current signature delta value for the DUT 1 10 that is determined by the present 
invention can be a difference between the post-voltage stress current signature and the base 
current signature of the DUT 110. The base current signature for the DUT 110 can be 
formulated by measuring the current response from the power bus of the DUT 1 10 for each of the 
set of measured vectors, and plotting this set of individual current responses into a current 
signature. The post-voltage stress current signature for the DUT 110 can be formulated by 
measuring the current response from the power bus of the DUT 1 10 for each of the set of 
measured vectors after the voltage stress has been applied to the DUT 110, and plotting this set 
of current responses into a current signature. 
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It should be understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will be 
suggested to persons skilled in the art and are to be included within the spirit and purview of this 
application. The invention can take other specific forms without departing from the spirit or 
essential attributes thereof. 
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What is claimed is: 

1 LA method for identifying defects in an integrated circuit, comprising the steps of: 

2 measuring a current signature delta value of a device under test; and 

3 comparing the current signature delta value to a threshold current signature delta value to 

4 determine whether the current signature delta value is greater than the threshold current signature 

5 delta value, 

1 2, The method according to claim 1, further comprising the step of generating the 

2 threshold current signature delta value for a statistically valid number of acceptable integrated 
]Z circuits. 

to 3. The method according to claim 2, wherein the step of generating the threshold 

2 : current signature delta value that correlates to the acceptable integrated circuit further comprises 

3k the steps of: 

43 applying a set of vectors to a statistically valid number of acceptable integrated circuits; 

if-: formulating a threshold base current signature for the statistically valid number of 

(L : acceptable integrated circuits; 

fi administering a voltage stress for a time period to each of the statistically valid number of 

8 acceptable integrated circuits; 

9 applying the set of vectors to the statistically valid number of acceptable integrated 

1 0 circuits; 

1 1 formulating a threshold post-stress current signature for the statistically valid number of 

12 acceptable integrated circuits; 

1 3 comparing the threshold base current signature for the statistically valid number of 

14 acceptable integrated circuits to the threshold post-stress current signatures for the statistically 

15 valid number of acceptable integrated circuits to determine a threshold current signature delta 

1 6 value corresponding to an acceptable integrated circuit. 
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1 4. The method according to claim 1, further comprising the step of generating the 

2 threshold current signature delta value using a computer. 

1 5. The method according to claim 3, wherein the step of measuring the current 

2 signature delta value of the device under test further comprises the steps of: 

3 applying a set of vectors to the device under test and formulating a base current signature 

4 for the device under test; 

5 administering a voltage stress to the device under test for a time period; 

6 applying the set of vectors to the device under test and formulating a post-voltage stress 

7 current signature for the device under test; and 

gh determining the current signature delta value for the device under test. 

p 6. The method according to claim 4, wherein the step of measuring the current 

%\ signature delta value of the device under test further comprises the steps of: 
3 J applying a set of vectors to the device under test and formulating a base current signature 

$f for the device under test; 

il administering a voltage stress to the device under test for a time period; 

g applying the set of vectors to the device under test and formulating a post-voltage stress 

*P current signature for the device under test; and 

8 determining the current signature delta value for the device under test. 

1 7. The method according to claim 5, further comprising the step of: 

2 comparing the post-voltage stress current signature of the device under test to the 

3 threshold post-voltage stress current signature to determine whether the post- voltage stress 

4 current signature of the device under test is greater. 
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1 8. The method according to claim 6, further comprising the step of: 

2 comparing the post-voltage stress current signature of the device under test to the 

3 threshold post- voltage stress current signature to determine whether the post- voltage stress 

4 current signature of the device under test is greater. 

1 9. The method according to claim 7, wherein the threshold current signature delta 

2 value is equivalent to a largest difference between the threshold post- voltage stress current 

3 signature and the threshold base current signature for the statistically valid number of acceptable 

4 integrated circuits. 

Ifl 1 0. The method according to claim 8, wherein the current signature delta value for the 

device under test is a difference between the post-voltage stress current signature and the base 

P current signature of the device under test. 

r 1 1 . The method according to claim 9, wherein the current signature delta value for the 

§ device under test is a difference between the post-voltage stress current signature and the base 

3U current signature of the device under test. 

H 12. The method according to claim 1 1 , wherein said formulating the threshold base 

2 current signature for the statistically valid number of acceptable integrated circuits further 

3 comprises the steps of: 

4 measuring a base current response for each vector of a set of measured vectors from the 

5 set of vectors applied to each of the statistically valid number of acceptable integrated circuits; 

6 determining the lowest base current response for each vector as applied across each of the 

7 statistically valid number of acceptable integrated circuits; and 

8 plotting the lowest base current responses for the set of vectors into the threshold base 

9 current signature. 
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1 13. The method according to claim 1 2, wherein said formulating the threshold post- 

2 voltage stress current signature for the statistically valid number of acceptable integrated circuits 

3 further comprises the steps of: 

4 measuring a post- voltage stress current response for each vector of a set of measured 

5 vectors from the set of vectors applied across each of the statistically valid number of acceptable 

6 integrated circuits; 

7 determining the highest post-voltage stress current response for each vector as applied 

8 across each of the experimental ICs; and 

9 plotting the highest post-voltage stress current responses for the set of vectors into the 
10 threshold post-voltage stress current signature. 

%1 14. The method according to claim 13, wherein said formulating the base current 

■2M signature for the device under test comprises the step of measuring a current response for each 

3d vector of the set of measured vectors applied to the device under test and plotting the current 

4" response for each vector of the set of measured vectors into the base current signature for the 

i|f device under test. 

J=J 15. The method according to claim 14, wherein said formulating the post-voltage 

If stress current signature for the device under test comprises the step of measuring a post-voltage 

3 stress current response for each vector of the set of measured vectors applied to the device under 

4 test after said administering the voltage stress for the time period, and plotting the post- voltage 

5 stress current response for each vector of into the post-voltage stress current signature for the 

6 device under test. 

1 16. The method according to claim 15, wherein the statistically valid number of 

2 acceptable integrated circuits must have the same architecture as the device under test. 



REYNICK 1 
QBWPBV149913.2 



36 



Docket No. 6674-24 

17. The method according to claim 16, wherein the statistically valid number of 
acceptable integrated circuits must be produced using the same semiconductor wafer process 
technology as the device under test. 

18. The method according to claim 17, wherein the threshold base current signature 
and the threshold post- voltage stress current signature for the statistically valid number of 
acceptable integrated circuits are threshold base quiescent current signatures and threshold post- 
stress quiescent current signatures. 

19. The method according to claim 1 8, wherein the threshold base current signature 
and the threshold post-voltage stress current signature for the device under test is a threshold 
base quiescent current signature and a threshold post-voltage stress quiescent current signature. 

20. The method according to claim 19, wherein after said applying the set of vectors 
to the statistically valid number of acceptable integrated circuits and prior to said formulating the 
threshold base quiescent current signature for the statistically valid number of acceptable 
integrated circuits, each of the statistically valid number of acceptable integrated circuits are 
allowed to reach a steady state before the current measurement is recorded. 

21 . The method according to claim 20, wherein after said administering the voltage 
stress, after said applying the set of vectors to the statistically valid number of acceptable 
integrated circuits and prior to said formulating the threshold post-voltage stress quiescent 
current signature for the statistically valid number of acceptable integrated circuits, the 
statistically valid number of acceptable integrated circuits are allowed to reach a steady state 
before the current measurement is recorded. 

22. The method according to claim 21, wherein after said applying the set of vectors 
to the device under test and prior to said formulating the base current signature for the device 
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under test, the device under test is be allowed to reach steady state before each current 
measurement is recorded. 



1 23. The method according to claim 22, wherein after said administering the voltage 

2 stress, after said applying the set of vectors to the device under test and prior to said formulating 

3 the post-voltage stress current signature for the device under test, the device under test is allowed 

4 to reach steady state before each current measurement is recorded. 

1 24. The method according to claim 17, wherein the base current signatures and the 

2 post-stress current signatures for each of the statistically valid number of acceptable integrated 
£ circuits are base transient current signatures and post-stress transient current signatures. 

$0 25. The method according to claim 24, wherein the base current signature and the 

% i post-voltage stress current signature for the device under test is a base transient current signature 

5* and a post-stress transient current signature. 

ii 26. The method according to claim 23, wherein the set of vectors is generated using 

%\ an automatic test generation program. 

1 27. The method according to claim 26, wherein said applying a set of vectors to the 

2 device under test and the statistically valid number of acceptable integrated circuits is performed 

3 using a VLSI test system. 

1 28. The method according to claim 27, wherein said measuring the current signature 

2 delta value of the device under test and the statistically valid number of acceptable integrated 

3 circuits is performed using the VLSI test system. 
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29. The method according to claim 28, wherein the set of vectors comprises less than 
one hundred vectors. 

30. The method according to claim 29, wherein the set of vectors comprises vectors 
associated with a high fault coverage for the device under test. 

3 1 . The method according to claim 30, wherein the set of vectors comprises vectors 
associated with low current off-states for the device under test. 

32. The method according to claim 3 1 , wherein the time period for said administering 
the voltage stress to the statistically valid number of acceptable integrated circuits and to the 
device under test is equivalent to the minimum amount of time that the voltage stress can be 
administered to an acceptable integrated circuit in which the acceptable integrated circuit remains 
acceptable. 

33. An apparatus for identifying defects in an integrated circuit, comprising: 
a generator for generating a set of vectors for applying to a device under test; 

a measurer for measuring a current signature delta value of the device under test; and 
a comparing means for comparing the current signature delta value to an experimental 

threshold current signature delta value to determine whether the current signature delta value is 

greater than the threshold current signature delta value. 

34. The apparatus according to claim 33, wherein the measurer measures the 
experimental threshold current signature delta value for the statistically valid number of 
acceptable integrated circuits by: 

applying a set of vectors to the statistically valid number of acceptable integrated circuits; 
formulating a threshold base current signature for the statistically valid number of 
acceptable integrated circuits from the set of measured vectors; 
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7 administering a voltage stress for a time period to the statistically valid number of 

8 acceptable integrated circuits; 

9 applying the set of vectors to the statistically valid number of acceptable integrated 

10 circuits; 

1 1 formulating a threshold post-stress current signature for the statistically valid number of 

12 acceptable integrated circuits from the set of measured vectors; and 

13 comparing the threshold base current signature for the statistically valid number of 

14 acceptable integrated circuits to the threshold post-stress current signatures for the statistically 

15 valid number of acceptable integrated circuits to determine a threshold current signature delta 

16 value corresponding to an acceptable integrated circuit. 

35. The apparatus according to claim 33, further comprising a computer for 

33 computing the experimental threshold current signature delta value. 

Y 36. The apparatus according to claim 33, wherein the generator generates a set of 

2 measured vectors from the set of vectors for applying to the device under test. 



ft 37. The apparatus according to claim 35, wherein the measurer measures the current 

¥ signature delta value of the device under test by: 

3 applying a set of vectors to the device under test; 

4 formulating a base current signature for the device under test from the set of measured 

5 vectors; 

6 administering a voltage stress for a time period to the device under test; 

7 applying the set of vectors to the device under test; 

8 formulating a threshold post-stress current signature for the device under test from the set 

9 of measured vectors; 
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10 comparing the base current signature for the device under test to the post-stress current 

1 1 signatures for the device under test to determine a the current signature delta value for the device 

12 under test. 

1 38. The apparatus according to claim 36, wherein the measurer measures the current 

2 signature delta value of the device under test by: 

3 applying a set of vectors to the device under test; 

4 formulating a base current signature for the device under test from the set of measured 

5 vectors; 

6 administering a voltage stress for a time period to the device under test; 
% applying the set of vectors to the device under test; 

il formulating a threshold post-stress current signature for the device under test from the set 

90 of measured vectors; and 

lQ] comparing the base current signature for the device under test to the post-stress current 

I F signatures for the device under test to determine a the current signature delta value for the device 

iS under test. 

%i 39. The apparatus according to claim 37, wherein the threshold current signature delta 

2 J value generated by the generator is equivalent to a largest difference between the post- voltage 

3 stress current signature and the base current signature of the statistically valid number of 

4 acceptable integrated circuits. 

1 40. The apparatus according to claim 38, wherein the threshold current signature delta 

2 value generated by the generator is equivalent to a largest difference between the post-voltage 

3 stress current signature and the base current signature of the statistically valid number of 

4 acceptable integrated circuits. 
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1 41 . The apparatus according to claim 39, wherein the current signature delta value for 

2 the device under test is a difference between the post-voltage stress current signature and the base 

3 current signature of the device under test. 

1 42. The apparatus according to claim 41 , wherein the generator generates the set of 

2 vectors for applying to a statistically valid number of acceptable integrated circuits; and the 

3 measurer measures the experimental threshold current signature delta value of the statistically 

4 valid number of acceptable integrated circuits. 
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ABSTRACT 

A method for testing integrated circuits, including measuring a current signature delta 
value of a device under test and comparing the current signature delta value to a threshold current 
signature delta value to determine whether the current signature delta value is greater than the 
threshold current signature delta value. If the current signature delta value exceeds the threshold 
current signature delta value, the integrated circuit is rejected. Integrated circuits are also 
rejected if the post-stress current signature value exceeds a maximum current signature value, 
even though the current signature delta value is less than the threshold current signature delta 
value. In addition, an apparatus for testing integrated circuits is disclosed. 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
Declaration and Power of Attorney 

As the below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to my 

name. 

I hereby claim the benefit under Title 35, United States Code, 1 1 9(e) of any United 
States provisional application(s) identified below: 

None. 

I believe I am the original, first and sole inventor of the subject matter which is 
claimed and for which a patent is sought on the invention entitled INTEGRATED CIRCUIT 
EARLY LIFE FAILURE DETECTION BY MONITORING CHANGES IN CURRENT 
SIGNATURES the specification of which is attached hereto. 

I hereby state that I have reviewed and understand the contents of the above 
identified specification, including the claims, as amended by an amendment, if any, 
specifically referred to in this oath or declaration. 

I acknowledge the duty to disclose all information known to me which is material to 
patentability as defined in Title 37, Code of Federal Regulations, 1 .56. 

I hereby claim foreign priority benefits under Title 35, United States Code, 119 of 
any foreign application(s) for patent or inventor's certificate listed below and have also 
identified below any foreign application for patent or inventor's certificate having a filing 
date before that of the application on which priority is claimed: 

None 

I hereby claim the benefit under Title 35, United States Code, 120 of any United 
States application(s) listed below and, insofar as the subject matter of each of the claims 
of this application is not disclosed in the prior United States application in the manner 
provided by the first paragraph of Title 35, United States Code, 1 12, I acknowledge the 
duty to disclose all information known to me to be material to patentability as defined in 
Title 37, Code of Federal Regulations, 1 .56 which became available between the filing date 
of the prior application and the national or PCT international filing date of this application: 

None 
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! hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like 
so made are punishable by fine or imprisonment, or both, under Section 1 001 of Title 1 8 
of the United States Code and that such willful false statements may jeopardize the validity 
of the application or any patent issued thereon. 

I hereby appoint the following attomey(s) with full power of substitution and 
revocation, to prosecute said application, to make alterations and amendments therein, to 
receive the patent, and to transact all business in the Patent and Trademark Office 
connected therewith: 



Lester H. Birnbaum 
Richard J. Botos 
Jeffery J. Brosemer 
Kenneth M. Brown 
Craig J. Cox 
Donald P. Dinella 
Guy Eriksen 
Martin I. Finston 
James H. Fox 
William S. Francos 
Barry H. Freedman 
Julio A. Garceran 
Mony R. Ghose 
Jimmy Goo 
Anthony Grillo 
Stephen M. Gurey 
John M. Harman 
Michael B. Johannesen 
Mark A. Kurisko 
Irena Lager 

Christopher N. Malvone 
Scott W. McLellan 
Martin G. Meder 
John C. Moran 
Michael A. Morra 
Gregory J. Murgia 



(Reg. No. 25830) 
(Reg. No. 32016) 
(Reg. No. 36096) 
(Reg. No. 37590) 
(Reg. No. 39643) 
(Reg. No. 39961) 
(Reg. No. 41736) 
(Reg. No. 31613) 
(Reg. No. 29379) 
(Reg. No. 38456) 
(Reg. No. 26166) 
(Reg. No. 37138) 
(Reg. No. 38159) 
(Reg. No. 36528) 
(Reg. No. 36535) 
(Reg. No. 27336) 
(Reg. No. 38173) 
(Reg. No. 35557) 
(Reg. No. 38944) 
(Reg. No. 39260) 
(Reg. No. 34866) 
(Reg. No. 30776) 
(Reg. No. 34674) 
(Reg. No. 30782) 
(Reg. No. 28975) 
(Reg. No. 41209) 
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Claude R. Narcisse 
Joseph J. Opalach 
Neil R. Ormos 
Eugen E. Pacher 
Jack R. Penrod 
Daniel J. Piotrowski 
Gregory C. Ranieri 
Scott J- Rittman 
Eugene J. Rosenthal 
Bruce S. Schneider 
Ronald D. Slusky 
David L Smith 
Patricia A. Verlangieri 
John P. Veschi 
David Volejnicek 
Charles L. Warren 
Jeffrey M. Weinick 
Eli Weiss 



(Reg. No. 38979) 
(Reg. No. 36229) 
(Reg. No. 35309) 
(Reg. No. 29964) 
(Reg. No. 31864) 
(Reg. No. 42079) 
(Reg. No. 29695) 
(Reg. No. 39010) 
(Reg. No. 36658) 
(Reg. No. 27949) 
(Reg. No. 26585) 
(Reg. No. 30592) 
(Reg. No. 42201) 
(Reg. No. 39058) 
(Reg. No. 29355) 
(Reg. No. 27407) 
(Reg. No. 36304) 
(Reg. No. 17765) 



I hereby appointthe attorney(s) on ATTACHMENT A as associate att omey(s) in the 
aforementioned application, with full power solely to prosecute 
alterations and amendments therein, to receive the patent, and to transact all bus ness n 
the Patent and Trademark Office connected wtth the prosecution of sa,d applicafon No 
other powers are granted to such associate attorney^) and such assocate attorneys) are 
specifically denied any power of substitution or revocation. 

Full name of sole inventor (or 1 st joint inventor): Joseph A. REYNICK 

Inventor's (^yLjl Q. Date <qT/ 2s>/2aas 

signature ' —L- " 

Residence: 3115 S.F^r ^T. . Lehv^ £/>^t? 

Citizenship: USA 

Post Office Address: Omrgmvu , PA l^5Z . 
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ATTACHMENT A 



J. Rodman Steele, Jr. 
Gregory A. Nelson 
Joseph W. Bain 
Robert J. Sacco 
Scott D. Paul 
Stanley A. Kim 
Mark D. Passler 
Steven M. Greenberg 



Registration 
Registration 
Registration 
Registration 
Registration 
Registration 
Registration 
Registration 



No. 25,931 
No. 30,577 
No. 34,290 
No. 35,667 
No. 42,984 
No. 42,730 
No. 40,764 
No. 44,725 



Telephone calls should be made to Quarles & Brady LLP at: 



Phone No.: 561-653-5000 
Fax No.: 561-653-5333 



All written communications are to be addressed to: 



QUARLES & BRADY LLP 
222 Lakeview Avenue 
Suite 400 
P.O. Box 3188 
West Palm Beach, FL 33402-3188 
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